Abstract-Photoacoustic Tomography (PAT) is a promising medical imaging modality by reason of its particularity. It combines optical imaging contrast with the spatial resolution of ultrasound imaging, and can distinguish changes in biological features in an image. For these reasons, many studies are in progress to apply this technique for diagnosis. But, real-time PAT systems are necessary to confirm biological reactions induced by external stimulation immediately. Thus, we have developed a real-time PAT system using a linear array transducer and a custom-developed data acquisition board (DAQ). To evaluate the feasibility and performance of our proposed system, two types of phantom tests were also performed. As a result of those experiments, the proposed system shows satisfactory performance and its usefulness has been confirmed.
INTRODUCTION
Photoacoustic Imaging (PAI) is a promising imaging technique based on the photoacoustic effect induced from electromagnetic pulses such as lasers or radio waves. If a shortpulsed laser source is irradiated onto an object, some of energy is absorbed and converted into heat. The heating causes thermoelastic expansion, which temporarily produces broadband acoustic waves. This type of acoustic pressure is called a photoacoustic wave and can be measured by ultrasonic transducers at various locations around object surface for image reconstruction [1] [2] [3] .
PAI is a hybrid imaging modality which combines features of optical and acoustical imaging. Pure optical imaging like optical coherence tomography (OCT) has high image contrast but low imaging depth. PAI has high image contrast similar to optical imaging, but overcomes some weaknesses of optical imaging by using acoustical measurements. In addition, PAI can measure biological changes because components of biological tissue have different optical absorption, which is a main factor in the photoacoustic effect. Thus, PAI technique is mainly adapted to skin disease [4, 5] , rheumatoid arthritis [6] , breast cancer [7] and prostate cancer [8] diagnosis applications. To confirm a biological reaction induced by external stimulation immediately using PAI methods in vivo, real-time Photoacoustic Tomography (PAT) systems have recently been studied by many research groups.
In other studies, linear array probes for ultrasound imaging, in which a large number of transducers are linearly embedded, have been used as real-time PAT systems, but only for experiments with small animals. This is because the systems have a limited angular view that causes distortion and reduces the resolution in the images obtained [4, 9, 10] . Since then, various types of probes have been reported to solve this limitation and to offer better resolution. For example, a 2-D array probe for a real-time 3-D PAI system [11] and a ringshaped probe to offer full angular views for image reconstruction have been developed. Nowadays, the studies on these real-time PAT systems are being extensively researched.
In this study, we present a real-time PAT system for primary study on PAI using a linear array probe and a customdeveloped 64ch data acquisition board (DAQ), and evaluate the feasibility of our proposed system using two types of phantom test.
II. REAL TIME PAT SYSTEM
A. Hardware Figure 1 depicts the block diagram of the developed PAT hardware. To quantify the measured photoacoustic signals from the linear array transducer in real-time, a multi-channel DAQ device is necessary. Also, acquiring the signal and reconstructing an image should progress reliably in a regular sequence. Thus, PCI extensions for an instrumentation(PXI)-platform-based DAQ are used, with 50 MHz sampling frequency, 12 bit resolution, 64 analog input channels and 192 Mb/sec transmission speed, using direct memory access (DMA) method and a control program developed in Labview software (2010, National Instruments). A custom-developed trigger controller is dedicated to laser-emitting, and the trigger for acquisition timing generation and a linear array probe (L14-5/28, Ultrasonix) with 5 MHz center frequency and 128 element transducers were used to measure the photoacoustic signal. To amplify and filter the detected signal, a custom-developed preamplifier was placed ahead of the DAQ, and had 40 dB gain, 5 MHz passband and 64 channels. Figure 2 shows a schematic diagram of the developed real-time PAT system. The role of the host program involves control of the FPGA program, image reconstruction, and synchronization of the whole system. Generally, because the FPGA program is faster than the host, the pace of the PAT system depends on the host program. Figure 3 depicts a flow chart of the entire PAT program. For the synchronization of each program, one flag bit is used to indicate the present process, and each program can read or switch that flag to determine the next step. If the host program is ready for measurement, it changes a flag bit to false, and the FPGA program progresses its sequence. After detecting a trigger signal, 2500 data sets of photoacoustic signals from the array probe are sampled and stored in the DMA buffer, and flag bit is changed again. Finally, the host program reads data from the PXI to the PC and reconstructs an image before repeating these sequences. Figure 4 shows the graphical user interface (GUI) of the developed host program, representing the FPAG setting part (a), the raw data of the measured signal (b), the reconstructed image (c), and a graph of the specific channel from the raw data (d).
C. Image reconstruction algorithm
A universal back projection algorithm is performed for image reconstruction in the system, which inversely solves photoacoustic equations to reconstruct the initial source distribution according to the following formula (1) [13] :
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In this formula, p is the initial distribution of the photoacoustic pressure; r is a vector of image points to calculate; r is a measurement point; v is the sound speed; and p r , v t is measured photoacoustic signal. Ω is the solid angle for a detection dS element dS with respect to a reconstruction point p at r , and dΩ is described formula (2):
III. PHANTOM TEST
To evaluate the feasibility and performance of our proposed system, two types of phantom test were performed. The first phantom examines the computation of frame rate. Rectangularshaped gelatin (Protein : 84 ∼ 90 %, Water : 8 ∼ 12 %) is prepared to imitate biological tissue, and a transparent polymer tube with 1 mm inner diameter is embedded at 8 mm below the surface of the gelatin with a tilt of approximately 5.3 degrees, as in figure 5 . Then, the changes in the image were recorded while injecting magenta dye through the tube gradually for 10 seconds. The source was a Nd:YAG laser (Meditech, Eraser-k) with 532 nm wavelength, and the repetition rate was 2 Hz. Because the measurement area is much bigger than the beam profile, Fiber Optic Line Light (NT57-019, Edmund Optics) was used for expansion. The linear array probe and Fiber Optic Line Light were fixed on the optical table to prevent any kind of motion artifacts. The next phantom test is for resolution assessment, which has the same configuration as the first phantom test, but with an embedded cross pattern of hair with 0.03 mm diameter instead of the tube. Compared with the first phantom test, the measurement area is much smaller, so this test was conducted without beam expansion. The other environmental parameters were exactly the same.
IV. RESULTS AND DISCUSSION
The results of the first phantom test for real-time image acquisition are represented in Figure 7 . In this picture, PAT images of magenta dye flowing through the transparent polymer tube are distinct as time goes on, and because of the laser repetition rate, the frame rate of the PAT system was 2 frames/sec. This result indicates that our system has performance sufficient to reconstruct a 570 * 300 pixel image on time. Figure 7 shows, however, quite dissimilar thickness between the image and the actual phantom. This result is because the Fiber Optic Line Light is not suitable for the diffuser to cover the whole scan region, and shows only the upper boundary of the polymer tube. Figure 8 The results of the next experiment are shown in figure 9(a) . The outline of the crossed hairs and their intersection are evidently classified, but the reconstructed image in figure 9 (b), which is measured for the area under the white dotted line in figure 9(a) , shows a measurement 10 times thicker than the real 0.03 mm hair thickness. When an acoustic speed of 1500 m/sec is assumed and since the transducer has a 5 Mhz center frequency, the predicted resolution is approximately 0.15 mm, which is also not enough to indicate actual thickness. Thus, the results of the experiment are predicted to show the maximum resolution of the developed PAT system, which was found to be approximately 0.3 mm.
V. CONCLUSION In this study we developed a real-time PAT system for fuctional imaging in vivo and confirm the feasibility of proposed system through two type of phantom test.
The results of phantom test show that our PAT system has enough performance to obtain a 570 * 300 pixel image at 2 frames/sec with approximately 0.3-mm resolution. Essentially, the frame rate of the real-time PAT system depends entirely on the laser radiation speed, because of the synchronization between the radiation and the detection. The maximum radiation rate of the laser source used was 10 Hz, and in the same conditions as the phantom tests, the system showed a rate of 5 frames/sec with a 10 Hz repetition rate, but poor image SNR, because a fast radiation rate reduces the source power.
The latest results on the real-time PAT system show better frame rate, compared to the developed system, of approximately 8 frames/sec [12, 14] . Therefore, further urgent research for the improvement of the image reconstruction algorithm is being conducted in order to improve the process time in the present system and eliminate the side effects caused by the limited angular view of the linear array probe to enhance the contrast in reconstructed image.
